ABSTRACT
INTRODUCTION
Diabetes is associated with various abnormalities in insulin metabolism. The sugar, starch and other food items are converted in to energy with insulin. Scientists are developing external insulin which is fed in a certain rate according to maintain the glucose levels of 60-120 mg/dl. The diabetes is classified as Type-1 and Type-2. In case of Type-1 the controlling of insulin is very difficult. For these patients regulation of blood glucose concentration is maintained by releasing the external insulin with insulin infusion device. The insulin pump is a electro medical device which delivers insulin through narrow and flexible plastic tube that ends with a needle inserted just under the skin near the abdomen. The pump releases doses of insulin at meals and during the several periods of the day based on the values of glucose sensors. Glucose concentration may change dynamically depending on the physical activities of the human. So, the insulin requirement may vary.
In 1961, the first diabetic model developed by Bolie which consisted differential equation each for glucose and insulin [2] . A similar model was developed by Ackerman et al. for glucose insulin dynamics [3] . The interaction effects of glucose and insulin were obtained from the first two models. But these models failed the accountancy of distribution of insulin and glucose throughout the body. The minimal model developed by Bergman et al. (1981) had 3-compartments as lumped representation of human body [4] . This model lacked the dynamics of glucose transport and distribution in tissues and effects of glucagon, which raises the blood glucose concentration. Cobelli et al. in 1982 utilised 5-compartment models for glucose, insulin and glucagon effects each lumped into its own whole body blood pool [5] . This also included the use of threshold functions for saturation. Comparison of the peripheral versus portal route for insulin administration in closed loop glucose control was done by Cobelli and Ruggeri (1983) .But they were unable to describe the glucose distribution in the body [5] . Lehmann and Deutsch in 1992 developed a nonlinear model which included a glucose sub-model was a single compartment extra cellular pool and a 2-compartment model of insulin representing plasma and active concentrations [6] . This was generalized into meal model which approximated the absorption kinetics of glucose by the blood stream. Puckett in 1992 developed a modeling study of diabetes mellitus in which a two blood pool system representing insulin and glucose concentrations which were directly affected by metabolic flux terms and exogenous signals [7] . With the help of Light foot in 1995, Puckett also demonstrated inter and intra patient variability and steady state behaviour using his models [8] . Sorensen treated glucose and insulin separately with coupling through metabolic effects utilizing threshold functions. A whole body lumped representation was also included to complete the glucose-insulin system with counter regulation. A small inclusion into this model was made by Sorenson to include meal disturbances and parameters for uncertainty analysis.
The Glucose-Insulin regulation model is obtained by modifying the dynamic model of stolwijk and hardy. An extra parameter is added for insulin infusion in the case of external insulin pump. The pumping action can be done in two ways open loop control and closed loop control. In open loop control a predetermined amount of insulin is given base on the suggestions given by the physician. The present treatment was to take a series of 2-3 daily insulin injections based on the daily/monthly glucose level measurements. In this type of treatment the insulin is discretely controlled and there is a lack of reliable continuous monitoring.
In closed loop control a feedback is taken from the body by placing the sensor which senses the glucose level in body. The output of the sensor is given to the controller and based on the error the controller pumps the required amount of insulin to the body. The closed loop control is shown in the following figure 1.
Figure1:Block diagram of Glucose Insulin regulation system
The controller is main part in the closed loop control, so, for designing the control algorithm we first develop the model of the glucose insulin kinetics of the normal person and then simulate them. The simulation results are stored in the lookup table and based on that the insulin pump pumps the insulin to the body. The data acquisition and control is easier in LABVIEW, hence the glucose insulin system is simulated in LABVIEW.
MATHEMATICAL MODELING
The effects of glucose and insulin regulation are observed by developing a mathematical model for the pancreatic function. One of the main functions of pancreas is to regulate the concentration of glucose in the blood by releasing an enzyme, called insulin. We developed a steady state model for glucose to obtain the equilibrium concentrations. The total volume of blood and interstitial fluids is considered as single large compartment. The complete inflow of the compartment must be balanced by the total outflow. Glucose enters into body through absorption from gastrointestinal tract or through production in liver. The parameter for input flow rate is Q. The blood Glucose is utilized in three ways. When glucose concentration is increased above threshold limit 'α', glucose is excreted by the kidneys at the rate proportional to gradient between Glucose concentration (G) and α. This loss due to excretion is renal loss rate, and represented as shown below
Glucose enters into cells through diffusion. Cells present in adipose tissue and muscles diffuse when stimulated by insulin. The diffusion rate depends on insulin, as shown below Where I is the insulin concentration. Insulin independent cells diffuse glucose in rate which depends on extra cellular concentration gradient, the following equation represents the insulin independent tissue utilization rate.
The mass balance equation of glucose concentration is as follows
Similarly the mass balance equations for insulin concentration are developed. Insulin is produced by pancreas proportional to plasma glucose concentration. When glucose level falls below the threshold insulin production is ceased.
Insulin is destroyed by the reaction of insulinase enzyme.
Combining the equations we get
The steady state level of glucose and insulin under given set of conditions for diabetes can be predicted from this model by solving above equations. In Type-1 or Insulin dependent diabetes, the main defect is in the ability of the islet cells in the pancreas to produce required amount of insulin. We modelled this condition by lowering the sensitivity of the insulin response to glucose. The above figure 2 gives the effect of reducing the sensitivity to 20% of the normal value. From the above graph we observed the new steady state point D1. Type-2 diabetes is also referred to as non insulin dependent diabetes; we modelled this condition by changing the value of the parameter 'v'. For new steady state value we decreased the value an amount of 'v' to 20% of its original value. The new equilibrium point is occurred at D2. Insulin equations are extended in the same way to incorporate dynamics.
The parameters used in above equations are given below C g = Glucose capacitance, C i =Insulin capacitance, µ v=proportionality factors, α= Reabsorption constant, = Threshold glucose concentration, G= Glucose concentration, I= Insulin concentration. U= Glucose infusion rate P= External insulin infusion rate.
The parameter values given in the table 1 are for a healthy person and used in simulation.
Table1: Parameter values
SIMULATION RESULTS
The model is implemented in LABVIEW as shown in figure 3 and the input and output graphs for normal,type-1 and type-2 diabetic persons are shown in figures (4), (5), (6)and (7). In LABVIEW we use simulation loop to use the threshold operator and integrator block which are present in control design and simulation tool kit. In the front panel of LABVIEW we represent the food intake and glucose concentration and insulin concentration graphs where as in the back panel we implement the modelling equations obtained for a normal,type-1 and type-2 diabetic persons. The glucose and insulin concentration levels for normal person,Type-1 and Type-2 diabetic persons are simulated and results are tabulated in the Table 2 . The glucose infusion rate is considered as step input. When the food is taken the glucose concentration is increased, resulting in the release of insulin. After a period glucose concentration reaches to its steady state value. And there after the insulin concentration also reaches to its steady state. 
OBSERVATIONS
The simulation results for normal, type-1 and type-2 diabetic persons are tabulated in table 2.Based on the simulation results tabulated in table 2 we observed that type-1 diabetic person body produces very less amount of insulin compared to normal person. Consequently, excessive amounts of glucose accumulate in the blood. Even though the blood has plenty of insulin, the cells of a person with diabetes are not getting their crucial energy and growth requirements. Generally insulin pumps and inhaled insulin techniques are used for the administration of insulin in the treatment of type-1 diabetic patients. These simulation results are useful for the design of insulin pumps and other related medical equipment. Based on the simulation results we also observed that type-2 diabetic person body produces more insulin but glucose concentration is more compared to normal person. The body produces insulin, but its insulin sensitivity is undermined and does not work as it should do -glucose in not entering the body's cells properly. Consequently, blood sugar levels rise, and the cells are not getting their required nutrients for energy and growth. Treatment like Diet, exercise, weight loss, and in many cases medication are useful for type-2 diabetic persons. Insulin Injections may also be used in some cases and simulation results are useful for the selection of insulin concentration. 
CONCLUSION
A closed-loop model for Glucose-Insulin regulation has been designed, implemented and analyzed by using dynamic equation parameters for type-1 and type-2 diabetic persons by considering normal person dynamics as standard. This model is simulated with the help of LABVIEW. The proposed model show significant management and regulation of glucose insulin kinetics and useful for design of insulin pump and other related medical devices. We are confident that our model in LABVIEW can contribute in the research and subject fields. Glucose insulin regulation an absorbing and demanding area for research and the work could substantially be carried forward in the following directions as advancement:
